Silver fir trunk extract (SFTE) is a complex mixture of antioxidative polyphenols from the trunks of silver fir trees (*Abies alba*, lignum). In our previous studies, we observed that SFTE exhibited strong antioxidative properties *in vitro* in 2,2-diphenyl-1-picrylhydrazyl (DPPH) test and *ex vivo* in primary human peripheral blood mononuclear cells ([@CIT0001]). It also protected guinea pig arteries from impaired functional responses and morphological changes due to an atherogenic diet ([@CIT0002]). Its primary constituents include lignans and phenolic acids, including p-coumaric and protocatechuic acids ([@CIT0001]). Polyphenols, obtained from plants of broad use, are known to induce a favorable endothelial response in hypertension and beneficial effects in the management of other metabolic cardiovascular risks ([@CIT0003]). Previous research regarding p-coumaric acid revealed that it exerts protective effects against myocardial infarct size in rats ([@CIT0004]). P-coumaric acid modulates glucose and lipid metabolism, potentially improving and treating metabolic disorders ([@CIT0005]). In addition, p-coumaric ([@CIT0006], [@CIT0007]) and protocatechuic acids ([@CIT0008]) are effective against low-density lipoprotein (LDL) peroxidation *in vitro*. Protocatechuic acid exhibits anti-inflammatory activity in dendritic cells ([@CIT0009]) and is a potential antiatherogenic ([@CIT0010]), antihypertensive ([@CIT0011]), and antiobesity ([@CIT0012]) agent.

On the contrary, it becomes increasingly clear that chronic diseases are not caused, treated, or prevented via a single molecular target; therefore, consumption of complex molecular mixtures such as SFTE might provide greater health benefits than therapy with a single agent ([@CIT0013]--[@CIT0015]).

In this study, we evaluated the potential cardioprotective effects of SFTE and its constituents, p-coumaric and protocatechuic acids, in the ischemic-reperfusion-induced injury of isolated rat hearts.

Materials and methods {#S0002}
=====================

Animals and study design {#S0002-S20001}
------------------------

### Silver fir trunk extract

The extraction procedure and detailed extract characterization, including chromatographic profiling, are described in our previous publications ([@CIT0001], [@CIT0002]).

### Animals

Male (range, 240--370 g) and female (range, 200--340 g) Wistar rats 4--8 weeks of age were obtained from the Institute of Pharmacology and Toxicology from the Faculty of Medicine, Ljubljana. All animals were bred under constant conditions, including a temperature of 21--24°C and a regular 12 h/12 h circadian cycle. The rats were fed unlimited amounts of water and rat feed in the form of Altromin 1,324 pellets (Altromin Spezialfutter GmbH & Co. KG, Lage, Germany). The exclusion criteria were as follows: animals with an inappropriate body weight or age, weak animals, a coronary flow of less than 7 mL/min or greater than 12 mL/min, the appearance of arrhythmias at the beginning of the experiment, and troublesome preparation.

### Isolated heart preparation and protocol

The rats were anesthetized using 20% urethane at a dosage of 0.7 mL per 100 g of body weight (Sigma-Aldrich, St. Louis, MO, USA). Afterward, they were intraperitoneally treated with heparin (1,500 IU per animal per 100 g body weight; Krka, Novo mesto, Slovenia). A thoracotomy was performed, and a cannula filled with cold Krebs--Henseleit (K--H) solution with heparin (2,500 IU per 100 mL) was introduced into the aorta above the semilunar valve. The K--H solution contained the following (mM): NaCl, 118.4; KCl, 4.7; NaHCO~3~, 25 (Merck, Darmstadt, Germany); MgSO~4~×7 H~2~O, 1.2 (Riedel-de Haën, Seelze, Germany); NaH~2~PO~4~, 1.2; CaCl~2~, 1.5; and glucose, 11.1 (Kemika, Zagreb, Croatia). The solution was continuously gassed with 95% O~2~ and 5% CO~2~ (pH 7.4 at 38.5°C). During preparation, the heart was washed via the aorta with cold K--H solution to decrease its contractility. The hearts were removed, mounted on a Langendorff\'s apparatus, and perfused with an oxygenated K--H solution under a constant pressure. The valves were closed via retrograde flow (due to the pressure of the perfusion solution), and the coronary arteries were perfused. A pressure catheter (SPR-524, Millar, Houston, TX, USA) was introduced through the left atrium and the mitral valve into the left ventricle. An electrocardiogram was recorded from the surface of the heart with two silver (AgCl) electrodes (ITIS, Slovenia) and placed in the direction of the electrical axis of the heart. The signals were preamplified (Preamplifier Dewetron, Slovenia). The hearts were protected with a heated glass cover and parafilm to maintain constant temperature (38°C) and humidity.

The experiments were performed using the following five groups: the control group, the SFTE (10 µg/L) group, the SFTE (100 µg/L) group, the 1 µM protocatechuic acid (Sigma-Aldrich Chemical, Steinheim, Germany) group, and the 1 µM p-coumaric acid (Sigma-Aldrich Chemical, Steinheim, Germany) group. Each experiment lasted for 120 min. In the control group, the hearts were perfused with an oxygenated K--H solution during the first 30 min (perfusion period). Thereafter, global zero-flow ischemia with complete flow cessation of the K--H solution was performed for 40 min (ischemic period). The hearts were then perfused with the oxygenated K--H solution for 50 min (reperfusion period).

In the other four groups, the hearts were first perfused with an oxygenated K--H solution for 20 min followed by 10 min of perfusion with an oxygenated K--H solution including the test substances. Ischemia and reperfusion with the addition of test substances persisted for the same amount of time as the control group ([@CIT0016]).

Measured parameters {#S0002-S20002}
-------------------

Coronary flow rate, lactate dehydrogenase (LDH) release rate, heart rate, arrhythmia incidence and duration, and left ventricular pressure protocols followed previously published procedures ([@CIT0017]). The parameters were measured during both the perfusion and reperfusion periods.

Isolated aorta preparation and protocols {#S0002-S20003}
----------------------------------------

The rats were sacrificed in a CO~2~ atmosphere via the injection of heparin (1,000, i.e., per animal per 100 g of body weight; Krka, Novo mesto, Slovenia). The thoracic aorta was isolated, rinsed, dissected, and cleansed of both fat and connective tissue. It was carefully cut transversally into eight cylindrical rings (2--3 mm in length) to preserve the endothelium. The aortic rings were immediately mounted in standard organ baths filled with K--H solution consisting of the following reagents (in mM): NaCl, 117.8; NaHCO~3~, 23.8; KCl, 4.7; CaCl~2~, 2.5 (Merck, Darmstadt, Germany); MgSO~4~×7 H~2~O, 1.2 (Riedel-de Haën, Seelze, Germany); KH~2~PO~4~, 1.2; and glucose, 11.0 (Kemika, Zagreb, Croatia).

Following mounting, equilibration of the rings at a resting tension of 20 mN was performed for 90 min, which entailed periodic adjustments of the tension to its resting value, as well as changing the K--H solution every 15 min. The rings were then contracted using 60 mM KCl for approximately 30 min or until stable contraction was obtained. Then, the rings were rinsed with K--H solution for 10 min. KCl contraction and rinsing were each repeated until a stable outcome was achieved. Phenylephrine and acetylcholine (both Sigma-Aldrich Chemical, Steinheim, Germany) were each dissolved in distilled water. For the relaxation measurements, the rings were precontracted with 0.1 mM phenylephrine until the contraction achieved a plateau; the rings were then relaxed with 0.1 mM acetylcholine. The tension was measured following each interval.

The rings were equilibrated with K--H solution for 10 min and then contracted again with 100 µL of phenylephrine. After reaching the plateau, we examined the relaxation of the pre-contracted rings by adding eight cumulative concentrations of SFTE (0.01--1,000 µg/L) at 2-min intervals. The tension was measured following each interval.

The control experiments followed the same procedure but used K--H solution instead of SFTE.

In the third portion of the experiment, relaxation with SFTE was measured in the rings that were incubated in K--H solution with the addition of a nitric oxide (NO) synthase inhibitor N^ω^-Nitro-L-arginine (L-NNA) for 10 min and then contracted with 100 µL phenylephrine. Cumulative concentrations of SFTE were added as described above.

The vascular responses were processed and recorded using a Dewetron acquisition system (Dewetron, Graz, Austria) followed by analogue to digital conversion (NI PCI-6013; National Instruments, Austin, TX, USA) using DeweSoft 6.1 software (Dewetron, Trbovlje, Slovenia).

Statistical analysis {#S0002-S20004}
--------------------

Statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, USA). The values are expressed as the means ±SEMs. The relative relaxation responses of the arterial rings are expressed as the percentages of the phenylephrine precontracted aortic rings. A two-way analysis of variance (ANOVA) test with Bonferroni\'s post-test was performed for intergroup comparisons. A *p*-value \<0.05 was considered statistically significant.

Results and discussion {#S0003}
======================

In the present study, we found that SFTE possessed a strong cardioprotective effect in ischemia--reperfusion injury of isolated rat hearts, whereas its compounds, two phenolic acids (p-coumaric and protocatechuic acids), were less effective in inducing cardioprotection. In order to determine the degree of cardiac tissue injury, LDH release rates were analyzed in the coronary effluents. Coronary flow values, heart rates, left ventricular pressure trends, and arrhythmia occurrences were also measured in order to assess alterations in heart function.

The evaluation of the LDH release rates revealed the severity of the ischemia and reperfusion-induced myocardial injuries. LDH is a cytoplasmic enzyme and is released in the setting of tissue damage, making it a relevant biomarker of both cell injury and disease. In the control group, the LDH release rates gradually increased in the course of the reperfusion period until the end of the experiments ([Fig. 1](#F0001){ref-type="fig"}). In the SFTE groups, the LDH release rates were significantly decreased compared to the control group (*p*\<0.01 SFTE 10 and SFTE 100) during the reperfusion period and remained stable to the end of the experiments. In addition, LDH release rates were maximally decreased in the 100 µg/L SFTE group. One of the possible explanations for this finding could be the antioxidant activity of the constituent compounds and their cardioprotective and vasoactive effects, which were also noted in several studies involving pycnogenol ([@CIT0018], [@CIT0019]). P-Coumaric and protocatechuic acids did not exert these effects; therefore, other substances derived from SFTE are potentially responsible for the observed phenomenon.

![Lactate dehydrogenase (LDH) release rate from isolated rat hearts during both perfusion and reperfusion (left). Areas under the curve from the left diagram (reperfusion period) with standard errors (right). SFTE 10 and SFTE 100 represent silver fir trunk extracts at concentrations of 10 and 100 µg/L, respectively.](FNR-60-29623-g001){#F0001}

In the coronary flow analysis, we found that it increased significantly at the beginning of the reperfusion period in each of the groups, except in the protocatechuic acid group ([Fig. 2](#F0002){ref-type="fig"}). Higher concentrations of SFTE caused larger increases in coronary flow (*p*\<0.05 SFTE 10, *p*\<0.001 SFTE 100), and these increases were comparable with the effect of the p-coumaric acid. This finding is illustrative of the acute vasodilatory effects of SFTE and p-coumaric acid, but not protocatechuic acid in isolated hearts exposed to ischemic-reperfusion injury. It is interesting that the extract did not increase the coronary flow rate in the perfusion period (before ischemia), but only in the reperfusion period, which indicates protective effect in the ischemia--reperfusion injury, but not in basal conditions. The mechanism behind the vasodilatory effect of the extract is probably combined, partly due to the antioxidant activity and partly due to the effect on the NO synthase pathway. The latter is consistent with the results on isolated thoracic aortas, where we have shown that endothelial nitric oxide synthase (eNOS) inhibition completely abolished the vasodilatory effects of the extract. This observation suggests that the tested substances exhibit antioxidative properties in addition to vasodilatory properties.

![Coronary flow in the isolated rat hearts during both perfusion and reperfusion (left). Areas under the curve of the left diagram (reperfusion period) with standard errors (right). SFTE 10 and SFTE 100 represent silver fir trunk extracts at concentrations of 10 and 100 µg/L, respectively.](FNR-60-29623-g002){#F0002}

The hearts treated with protocatechuic and p-coumaric acids exhibited lower rates compared with the control group ([Fig. 3](#F0003){ref-type="fig"}). The SFTE extract did not significantly influence the heart rate but appeared to restore the pre-ischemic heart rate values compared with the control group. In the latter, the heart rate gradually decreased in the reperfusion period. We observed no significant changes of left ventricular pressure values between the study groups ([Fig. 4](#F0004){ref-type="fig"}).

![The rates of isolated rat hearts during both perfusion and reperfusion (left). Area under the curve of the left diagram (reperfusion period) with standard errors (right). SFTE 10 and SFTE 100 represent silver fir trunk extracts at concentrations of 10 and 100 µg/L, respectively.](FNR-60-29623-g003){#F0003}

![The left ventricular pressures of isolated rat hearts during both perfusion and reperfusion (left). Areas under the curve of the left diagram (reperfusion period) with standard errors (right). SFTE 10 and SFTE 100 are silver fir trunk extracts at concentrations of 10 and 100 µg/L, respectively.](FNR-60-29623-g004){#F0004}

We also analyzed the duration of the arrhythmias in the reperfusion period, since we observed no arrhythmias in the perfusion period. The duration of arrhythmias was the highest in the control group of hearts not treated with phenols ([Fig. 5](#F0005){ref-type="fig"}). In the experiments in which the hearts were treated by either 10 µg/L or 100 µg/L of SFTE, the total duration of the arrhythmias was decreased by 80% (*p*\<0.001) and persisted less than 120 sec. The reduction of arrhythmias duration achieved by p-coumaric and protocatechuic acids was smaller: only by 40% and 45%, respectively. We speculate that another substance derived from SFTE, more probably even the synergy of its constituents is responsible for the antiarrhythmic effect. A distinct decrease in the individual types of arrhythmias was noted in the SFTE groups ([Fig. 6](#F0006){ref-type="fig"}). Ventricular tachycardia durations were decreased at both concentrations (*p*\<0.01). The decreases in ventricular fibrillation were dose dependent (*p*\<0.05 SFTE 10, *p*\<0.01 SFTE 100). The influence on extrasystole duration was the most significant effect observed (*p*\<0.01 SFTE 10, *p*\<0.001 SFTE 100). Nevertheless, the reductions in arrhythmia duration confirmed the cardioprotective effects of SFTE, which is less expressed in its phenolic acid constituents.

![The total arrhythmia duration in isolated rat hearts during reperfusion, which followed ischemia. The hearts were either untreated (control) or perfused with 10 µg/L or 100 µg/L SFTE solution, 1 µM protocatechuic acid, or 1 µM p-coumaric acid.](FNR-60-29623-g005){#F0005}

![Durations of the individual types of arrhythmias in isolated rat hearts during reperfusion, which followed ischemia. The hearts were either untreated (control) or perfused with a 10 µg/L or a 100 µg/L SFTE solution, 1 µM protocatechuic acid, or 1 µM p-coumaric acid.](FNR-60-29623-g006){#F0006}

It is important to note that all the parameters in isolated heart experiments were measured only in the perfusion and reperfusion periods and not in the ischemia period. After the perfusion period, the hearts were exposed to the zero-flow ischemia in order to induce the ischemic damage to the heart. Ischemic phase lasted for 40 min, and during this phase of the experiment there was a complete flow cessation of the K--H solution to the heart. Therefore, during this phase observed parameters could not be measured, since there was no effluent through the heart. This methodology was previously described in more detail ([@CIT0017]).

The relaxation ability of the isolated thoracic aortas with preserved endothelium was significantly increased in a concentration-dependent manner by the administration of SFTE ([Fig. 7](#F0007){ref-type="fig"}). The eNOS inhibitor L-NNA completely suppressed the relaxation ability of the aorta. The experiment revealed that the mechanism of relaxation by SFTE is mediated primarily via direct or indirect promotion of eNOS activity and the signaling pathway that accelerates the activity of the enzyme. These results are supported by the results of similar studies involving polyphenols ([@CIT0020]--[@CIT0022]). Pycnogenol studies also revealed that the relaxation is dependent on the endothelium ([@CIT0023]).

![Aortic relaxation achieved with acetylcholine following precontraction with phenylephrine. SFTE enhanced the relaxation ability of the aortas; the effect was completely inhibited by the NO synthase inhibitor (L-NNA).](FNR-60-29623-g007){#F0007}

In summary, we confirm the positive effects exerted by SFTE on ischemic-reperfusion injury in isolated rat hearts as well as the vascular protective effects of SFTE. Since the total extract had much higher effect than its constituents, p-coumaric and protocatechuic acids, we assume that they are involved but are not mainly responsible for its beneficial effects. Therefore, only SFTE can be used for the prevention of heart damage, presumably by the prevention of endothelial dysfunction, an important contributor to the development of atherosclerosis and other types of cardiovascular disease, which should be tested in future studies.
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